Synchrotron-based X-ray fluorescence microscopy is applied to study the evolution of iron silicide precipitates during phosphorus diffusion gettering and low-temperature annealing. Heavily Fe-contaminated ingot border material contains FeSi2 precipitates after rapid in-line P-diffusion firing, suggesting kinetically limited gettering in these regions. An impurity-to-efficiency (I2E) gettering model is developed to explain the results. The model demonstrates the efficacy of high-and medium-temperature processing on reducing the interstitial iron population over a range of process parameters available to industry.
INTRODUCTION
As an impurity in silicon, iron is known to have a strong negative influence on minority carrier lifetime, and hence solar cell efficiency. However, the relationship between as-grown iron content and final cell efficiency is not straightforward -the ultimate impact of iron contamination depends on its chemical state and spatial distribution, which in turn are a function of processing conditions and cell architecture.
To accurately predict how thermal history will affect solar cell efficiency in both traditional and non-traditional processing, we have developed a simulation tool to predict final solar cell efficiency using measurable material and process parameters as inputs [1] . These inputs include concentration and distribution of iron in as-grown wafers, solar cell processing conditions, and cell architecture. We test our model by examining low-temperature annealing (LTA) after P-diffusion as an example of a materialsdriven process step that might be added to traditional silicon solar cell manufacturing to enhance performance. Using synchrotron based micro X-ray fluorescence (µ-XRF), we determine the iron distribution as a function of annealing condition and compare it to the model results.
EXPERIMENT AND RESULTS
Synchrotron-based µ-XRF investigations were performed on samples from higher locations of the same corner brick from Rinio et al. [2] to determine metal nanoprecipitate distributions along grain boundaries at the Advanced Photon Source Beamline 2-ID-D at Argonne National Laboratory, utilizing zone plate lenses to achieve an X-ray spot size between 150 and 200 nm in diameter [3] . A hightemperature stage was used to perform an in-situ lowtemperature anneal in order to allow for the direct observation of changing metal distribution. The high-temperature sample stage and associated in-situ measurement are described in further detail in [4] . Iron-rich precipitates are detected in all samples, suggesting that the thermal budget of the phosphorus diffusion was insufficient to dissolve all metals. Further analysis and discussion of the precipitate distribution will be published in an upcoming journal article [5] .
A second synchrotron-based experiment studying iron distribution was conducted using samples that were characterized as part of the Coletti et al. study of the effect of iron in mc-Si solar cells [6] . Sister wafers were removed from the solar cell line in three states: after saw damage etch, after phosphorus-diffusion, and after phosphorus diffusion with a faux firing step conducted with no metal contacts present. An article regarding the results of this µ-XRF experiment concerning the distribution of iron in asgrown and phosphorus-diffused multi-crystalline silicon is also forthcoming [7] .
The experimental determination of iron distribution allows for careful selection of boundary conditions for modeling of the time-temperature transformation of iron in silicon solar cell manufacturing. The I2E diffusion-gettering simulator we have developed solves coupled partial differential equations describing the diffusion of phosphorus and iron within silicon, segregation of iron to the heavily doped near-surface region, and growth of iron silicide precipitates. The solution scheme of the I2E model and verification of its predictions against experimental results will be published elsewhere [1] , [8] , [9] .
Using our diffusion-gettering simulator, we can study the effect of alternative processing, like low-temperature annealing, without conducting large-scale experiments. We simulated a P-diffusion plus low-temperature anneal for highly contaminated silicon and observed the dissolved Fe concentration when P-diffusion is followed by a variety of LTAs. The simulation showed that the external gettering efficiency strongly depends on the initial metal distribution, not simply on the total metal content.
Using a Shockley-Read-Hall lifetime model, we calculate resulting lifetime profiles as a function of the processed iron distribution and introduce them into PC1D [10] to calculate the estimated solar cell efficiencies.
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CONCLUSIONS AND OUTLOOK
µ-XRF experimental results of P-diffused and LTA samples reveal the precipitated iron content of processed wafers, confirming our I2E diffusion-gettering model results. The integrated model allows us to investigate the influence of different input parameters (e.g. average precipitate size) on final solar cell performance. Furthermore, the I2E-simulator enables us to tailor a solar cell fabrication process for a given starting iron contamination level.
